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By Lester C . Corrington, Kenneth L. Thornbury, and Glen H e ~ i n g s  

An experimental  investigation w a ~  conducted in which liquid hydrogen 
was used as a heat s h k  f o r  turbine-coolin@; In a high-temperature  turbo- 
jet engine. A production-model turbo jet engine was modified by the in- 
stallation of a cooled-turbine  rotor and stator and was operated on hy- 
drogen maintained in the supply tank as a liquid. The turbine cooling 
air was refrigerated by the  cold hydrogen as it passed through a heat 
exchanger. Cooling-air  temperatures of 160° t o  220° R were obtained a t  
the exit of the  heat  adhanger with cooling-air f l o w  rates of 3 t o  14 
percent of the  engine  airflow. 

A f e w  problem  =ea6 were revealed which will require  special atten- 
tion in future work. A pressure-surgfng  condition in the %el. system was 
apparently caused by the  vaporization  process in the counter-flow-type 
air-fuel  heat exchanger. Liquefaction of air in the heat exchanger ne- 
cessitated a r e d e s i s  of the  akflow passages t o  provide for  8 re- 
evaporation of the li@d by the incoming air. Icing of the heat ex- 
changer w a s  not a problem for  continuous runs LQ t o  45 minlrtes when the 
incoming a i r  was dried t o  a moisture content of 2 grains per pound. A 
f i r e   a t   t h e  hydrogen-tank vent outlet was apparently ignited by a s t a t i c  
discharge o r  a fr ic t ional  spark from the supporting cables, emghasizing 
the  fact that great care must be used to prevent any undesired exposure 
of hydrogen t o  air. 

Information on the properties of hydrogen is sunrmarized as an aid 
in the design of systems t o  handle this f u e l  in the  liquid  or gaseous 
state.  

The contFnuFng requirements for increased  range and al t i tude capa- 
bilities f o r  m i l i t a r y  a i rcraf t  have created  increasing interest in high- 
enera   fue ls .  Usually such fuels that have hi& heats of c d u s t i o n  have 
high-reactivity rates in addition, making them also attractive from the 
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standpoint of  cambustion  problems at high altitude. One such fuel  that 
is currently  receiving a great  deal of attenticm is liquid hydrogen. 
This fuel, while having the disadvantage of low density,  has a much 
higher heat of combustion than other high-energy fuels. An analysis of 
the  potentiali t ies of liquid hydrogen f o r  Fncreasing the range and alti- 
tude of several  types of aircraft  is presented Fn reference 1. In mi- 
tion to showing the range and altitude advantages that th i s   fue l  prom- 
ises, reference 1 points out that, because of its low boiling  point and 
high  specific heat, liquid hydrogen has good.potentialities as a heat 
6 ink f o r  cooling engine parts and afrcraft  surfaces in high-speed 
airplanes. 

A specific  applicatian in which the cooling  capabilities of liquid 
hydrogen cazl be used t o  advantage is in the  cooling of turbines in  high- 
temgerature turbojet  engfnes. The temperature of the turbine  cooling 
a i r  f ' rom a liquid-hydrogen  heat exchanger wpuld be much lower  than the 
temperature of the air directly from the compressor, which should per- 
m i t  the  operation of a cooled t k b h e  at much higher gas temperatures 
than would otherwise be the  case. 

This heat-sink  application has been investigated  experimentally i n  
an alt i tude  test  chmiber at  the W A  Lewis laboratory  using a current- . 
model turbojet engine modified t o  a cooled-turbine engine. The primary 
objective of this investigation is to detennhe the  heat-transfer  charsc- 
t e r i s t i c s  of the turbine  blades with the low-temgerature cooling air a 

available from the hydrogen heat sink with high turbine gas temperatures 
and at high Etltitudee. Inasmuch as the experimental  setup  requlres the 
use of a liquid-hydrogen fuel system including  suitable tanks, plumbing, 
heat exchanger, flow control, and izurtrumentation, a secondary objective 
is t o  examine the problems that may exist in  the use of such a system. 

The experimental  results regaxding the heat-transfer characteristics 
of the  turbine blades are  presented In r e fe race  2. A discussion of the 
problems involved in the  modification of the current  turbojet engine used 
in this  investigation  to a cooled-turbine engine with  high turbine-inlet 
taperatuxes is presented Fn reference 3. 

This report  peSent8 a description of the fuel and cooling-air eys- 
tems used in this investigation, and a discussion of the operatianal pro- 
cedures used and the problems encountered in us- these systems f o r  
turbine-cooling  purposes. The properties of hydrogen pertinent t o  fuel- 
system design are discussed i n  the appendix, because such Fnfomtion has 
not been available  heretofore in a form convenient f o r  engineering 
purposes. 

W 
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The fuel system used in this  investigation 
matically in figure 1. A l l  p&s of the system 

is illustrated diagram- 
upstream of the  shutoff 

valve were located  outside the tes t  M e r  build-wg for  safety reasons. 
Figure 2 shows the  physical arrangement of -st of the system. 

The fuel tasks were t a c t i d  Dewars of about 125-pound capacity each. 
These Dewars were of t r i p l e  wall construction. The izvlermost w a l l  was 
made of stainless  steel  and formed the  pressure vessel for the fuel. This 
w a l l  was surrounded  completely by a second wall which served as a radi- 
ation shield. The radiation shield was made with an integral  contafner 
which could be f i l l ed  uith a low-temgerature l iquid such as liquid ni- 
trogen. Through thermal conduction the entire  radiation  shield w a l l  
would come t o  a temperature near that of the liquid in the container. 
This wall. was i n  turn surrounded by reflective  insulation and a vacuum- 
tight outer  jacket. The spaces between the  outer  jacket and inner wall 
were evacuated. 

These fue l  tanks were filled from a large  refrigerated Dewar mounted 
on a transport trailer bed. The tanks were vented t o  the atmosphere 
until time fo r  engine  operation, at which time they were pressurized t o  
about 60 pound8 per square inch gage with gaseous hydrogen. H e l i u m  was 
not used for  the pressurizing fluid because of its unknown solubili ty in 
liquid hydrogen. Since that time, however, the solubili ty of helium in  
liquid hydrogen has been f - w d  t o  be very smll under these  operating 
conditions. 

The pressurized  liquid flowed t o  the air-fuel heat exchanger thrmgh 
double-walled  vacuum-insulated lines. These lines were made w i t h  as 
inner wall of stainless-steel tubing of about 5/8-inch inside diameter 
and am outer wall of copper. A high vacuum was maintained between these 
walls. 

The air-fuel heat exchanger was of ~ the  counter-f low type made from 
two commercially available  cores of aluminum-fizuled copper tubing en- 
closed in a heavy outer shell. An external view of the heat exchanger 
is shown in figure 3, and a cross-sectional diagram in figure 4 .  The 
fuel entered a t  the le= (fig.  4) and flowed alternately upward and dom- 
ward through a number  of tubes connected is parallel and provided with 
f l o w  distribution manifolds as indicated. The turbine  cooling air en- 
tered a plenum chamber at the right, passed through both  cores, made a 
90° turn, and passed out h an v$d dfiectiori. The cross-sectional 
area of the core at the fuel-entrance end of the heat exchanger is  smaller 
than that of the  other  core  oint  both the fue l  and air  

the  heat exchanger. 
densities are much higher (lower than at the other end of 
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All parts of the  heat exchanger except the heaxy outer shell, the 
ai r - inlet  pipe, and the core were made of stainless steel  because of i t e  
good low-temperatme ductility  characteristics. The outer  shell and air- 
m e t  pipe were mild steel .  

* 
. ." . - -- "" ."  ". ." ." . - -  . .  ." - " ". 
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The gaseous hydrogen from the  heat exchanger passed  through a steam 
heater with an automatic  temperature control t o  heat it t o  about 750 F 
t o  ease  the handling and  flow-measurement problems. Flow measurement 
and cont ro l   a t  low temperatures are diff icul t  because of the  large varia- 
tions i n  the specific heat ratio with teqerature,  pressure, and fuel 
composition (see appendix) . 

The fuel then passed through a 2-inch l ine  t o  a hi@P-response-rate 
pressure  control, a volume chaniber, a flow-measuring orifice, a remotely 
controlled  throttling  valve  (see  fig. 51, a positive  shutoff  valve, and 
the engine  manifold. The high-response-rate.pressure control and the 
volume chamber were necessitated by pressure fluctuations i n  the system 
and are  discussed  further in the section OFEZWMONAL CHARACDISTICS OF 
SYSTEMS. 

A schematic diagram of the turbine cooling-air  systen is shown in 
figure 6, and part of the system  appears in figure 3. The cooling air 
for  the turbine stator was taken  directly frcm the laboratory supply, 
while that  for the  turbine  rotor was refrigerated Fn the air-fuel heat 
exchanger. 

The supply air was dried t o  a m i s t m e  content of about 2 grains  per 
pound or  less t o  prevent  excessive  icing in the heat exchanger. I n  a 
standard atmosphere above an altitud= of 25,000 feet  6a;turated air bas a 
moisture  content less  than 2 grains per pound. 

The temgerature and flow ra te  of the  turbine-rotor  cooling air were 
controlled manually by bypassing sane of the air around the heat exchanger 
and bleeding off refrigerated air downstream of the heat exchanger. Flow 
rates were  measured in  straight  sections of pipe using total-pressure 6ur- 
veys, wall static  pressures, and thermocouple readings at the flow meas4 
wing stations. . . . . . . . . - 

. .  - -  r 1- 

The refr igerated  a i r  line downstream of the  heat exchanger was made 
of stainless  steel  and was heavily insulated t o  keep the air temperature 
as low as possible a t   t he  entrance to  the  turbine. This l ine  was quite 
long because of the outdoor location of the-heat exchanger. 
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The cooled-turbine  engine used in  this investigation is described 
in deta i l  In references 2 and 3. It consisted of an axial-flaw  turbojet 
engine which was altered t o  include  an  air-cooled turbine rotor  bladed 
with noncritical materials and ea air-cooled  stator made of a high- 
temperature alloy, 8-155. The mto r  cooling air entered the engine 
through two tailcane struts. It then passed formxd through an axial 
duct into the hollow turbine wheel and out  through the hol low corrugated- 
insert-type  rotor blades. The stator  cooling air entered the engine 
through eight smll ducts and passed radially outward through the hollow 
corrugated-insert-type  stator blades. Additional  cooling  for the sheet- 
metal parts fn the turbine  region was provided f o r  by enlarging  the 
coaling-air passages  surrounding the cdus to r   t r ans i t i on   l i ne r s .  The 
fuel nozzles were essentially open tubes with slotted caps cm the end 
as shown in figure 7. 

The engine was instalLed in an alt i tude test chariber to permit qer- 
ation at high altitudes and, consequently, low fuel flows. This was nec- 
essary because of the limited fuel  supply and small fuel-tank  capacity. 
The installation is shown in figures 8 and 9. 

Fuel was piped t o  the engine through R manifold made of 3-inch 
tubing and through ei@t 1-inch lines t o  the eight fuel  nozzles. Instru- 
mentation was provided t o  measure gas temperatures and pressures through- 
out  the  engine and metal trmgeratures in the turbine section,  including 
the rotor blades and the turbine disk. Details of this instrumentation 
are presented in references 2 and 3. 

Preparation of Fuel System 

Before being filled with liquid hydrogen the fuel tanks ( tact ical  
Dewars) were precooled by f .lLLinn the radiation shield containers with 
liquid  nitrogen several days in advance of their initial use. These 
radiation shield contaiaers were then kept f i l l e d  continuously through- 
out the  investigation. 

A i r  was removed frcm the fuel system t a  el-te any possibility 
of an explosive mixture in the system and t o  prevent any trouble with 
frozen a S  at the liquid-hydrogen  temperatures. This was done by three 
successive  evacuation and helium-filling  cycles. After the third f i l l -  
ing the  valves at the tanlr outlets were closed and helium was trapped 
in the downstream system at a pressure of about 20 pounds per  square 
inch gage. 
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The tanks were then connected to  the  trailer-gounted supply Dewar 
and the fuel transfer lines were inerted in a s i m i l a r  mrmer. The 
supply Dewar was then  pressurized with gaseous bdrogen,  the vent linee 
were  opened t o  atmosphere, anCthe  transferring  operation was begun. 
Each tank was filled until a high rate of liquid-air format Fon at the 
vent  connection  fndicated  the  presence of liquid hydrogen near  the vent 
at this  potnt. The vent l ines were left open t o  at&sphere utFl the 
engine w8s t o  be  started. They  were then  closed and the  tanks were 
pressurized  to about 60 pounds per sq&e i n c h  gage with gaseous hydrogen. 

. .  

Operation of Engine and Shutdown of System 

Because of the  restricted  Riel-tank  capacity,  operation of the en- 
gine was limited t o  periods of up t o  45 minutes. In each case  the en- 
gine was started an hydrogen and brought up t o   t e s t  conditions as quickly 
as possible.  Fuel was used from each tank unts the fuel flow began t o  
drop off,  indicathg  the passage of gas through the small-dlameter liquid 
Itnes and i ts  accompanying higher pressure drop. 31 each case it was 
possible t o  change t o  the next tank w i t h  the engine in continuous opera- 
tion, BO that te s t  conditions  could be quickly  re-established. When the 
l a s t  tank of fuel had been used, the tank was quickly  shut off and the 
lines from the tanks t o  the engine and the engine fuel  system were purged 
with helium. The farthest downstream valve was then closed, and the 
helium was trapped fn the system at a pressure of about 20 pounds per 
square inch gage until the next  period of operation. The Deuars remained 
fill of wdrogen gas at t h i s  same pressure between operating periods. 

I 

- 

. .  

OPERATIONAL CHARAC'IIERISTICS OF SYSTEW 

Fuel System 

Initial operation of the engine disclosed  a.  pressure-surging condi- 
tian Fn the  fuel system which =de control of the engine unsatisfactory. 
This surging had an q l i t u d e  of several. pounds per square  inch and was 
errat ic  in nature, wlth a period varying from 2 t o  5 seconds. The vapor- 
ization  process in the heat exchanger appeared t o  be  primarily respon- 
sible for  the surging, and because t Ime was not available f o r  a heat- 
exchanger develo-pmnt program, 8tl atte@€ ifai BZLe -to dsmp the system. 

A Xl-gallon volume chamber was installed (fig. 5) but  did  not improve 
the surging condition  appreciably. A high-response-rate  pressure  control 
was then  installed, and this control i n  conbination  wtth the volume cham- 
ber provided a steady downstream pressure mer the required f low range of 
100 t o  650 pounds per hour. 
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This pressure  control  consisted of a servo-actuated  valve and pres- 
sure sensing system  capable of attenuating  pressure  fluctuations up to 
10 cycles  per second, and the  previously mentioned volume cha&er just 
downstream of the valve which removed pressure  fluctuations Ebbme 10 
cycles  per second. The valve, servomotor, and pressure  sensing compo- 
nents are commercially available items. The electronic  control  circuit 
was bui l t  at the Lewis laboratory and provided proportioml-plus-inteaal- 
tspe control. 

As noted in the  description of the fue l  system, a venting system 
was used t o  dissipate  boil-off fuel  from the tank6 to atmosphere. The 
vent  outlet was initially located as shown in figure 2. However, be- 
cause the gas was being  vented at low temperature, fts density was rela- 
t ively high and . a d  not dissipate  into the atmosphere as  rapidly as 
expected. For safety reasons the vent outlet was s~sequen t ly   r a i sed  to 
about 25 feet above the building. 

On one occasion when hydrogen was being vented, it caught f i re  at 
the  vent  outlet. No ignition  sowces were apparent, so it must be ass=& 
that the ignition was caused by a static discharge o r  frictional  spark 
from the  supporting  cables. While this did no harm, it emphasizes the 
fact  that hydrogen nust be handled very oxrefully t o  prevent any un- 
desired e.xposure t o  air. 

Turbine Coolin@;-Air System 

Quantitative data for determining the effectfveness of the heat ex- 
changer were not  obtained. A i r  teqeratures at the heat-exchanger outlet 
of about 160° t o  2200 R were measured along w i t h  hydrogen-gas tempera- 
tures at the heat-exchanger outlet of 2OO0 t o  270° R degendlng on operat- 
ing conditions. These air tempratures were obtain& with airflow rates 
of 3 t o  14 percent of the engine a i r f l o w .  Because of heat leakage fn the 
long line between the heat exchanger and the engine, and i n  the passages 
through the  tailcane, the minimum air twqerature delivered t o  the hollow 
turbine wheel was about 290' R. The minirmmr air temperature delivered t o  
the turbine blades was about 390° R because of the tesrperature rise in 
passlng through' the wheel. 

The main problem encountered in the turbine  cooling-air system was 
the f ormatian of liquid air in  the heat exchanger. With the heat ex- 
changer as It W ~ B  origlnaUJ  built,  this liquid air flawed into the inlet 
end  of the  outer shell and caused numerods cradks in the mild steel ma- 
terial. Operation of the system was stopped before the level  of liquid 
air was high enough t o  immerse an qpreciable gart of the core. 

The boil- and freezing points of axygen and nitrogen are shown in 
figure 10. As indicated  earlier,  the minimum air  temperature at the exit 
of the  heat exchanger was about 160° R. The pressure in the cooling-air 



0 HXCA RM E56Jl8a 

- 
system varied from &out 0.3 to 0.8 atmosphere at the heat exchanger, BO 
that the air temperature was near the boiling  tenperatwe of cocygen. 
Condensation took  place i n  the b a t  exchanger probably for the most part 
in  the Low-velocity regions around the  tubing  return bends (see fig. 4 ) .  

Sheet-metal additians were made to  the inlet end of the heat ex- 
changer t o  provide f o r  evaporation of this liquid air by contact with 
the incombg warm a i r  (see  fig. e }  and t o  -prevent its contact  with the 
mild steel  outer shell. In addition, a drain with an internal  standpipe 
w a s  provided t o  ensure against accumulation in  the heat-exchanger core. 
After these  alterations were made, no further  .difficulty w a s  experienced 
w i t h  accllrmllt ions of liquid a i r .  

It is not known whether there was any freezFng of air  on the  heat- 
exchanger surfaces,  but  the  cooling  ability of the heat exchanger did 
not  appear t o  be impaired at any time durFng continuous runs of  up t o  45 
minutes. This also  indicates that the  moisture  cantent of the incoming 
air (below 2 grain/lb) was low enough t o  avoid any serious icing problems 
in the heat exchanger for  runs of this duration at airflow rates averag- 
ing about 1.0 pound per second. - .  

SUMMARY OF IiElSULTS 

The results of an experimental  Fnvestigation in dich liquid. hydro- d 

gen was used as a heat sink for  turbtae-cooling and then used as a gas 
for turbojet-engine  fuel are summarized as follows: 

1. The use of l iqyid hydrogen as a heat sink fo r  turbine-cooling 
provided cooling-air   tmeratures of 160' t o  220' R at the  exit  of the 
heat exchanger with  cooling-air flow rates of 3 t o  14 percent of the 
engine airflow. 

2.  Pressure surging ..in the   fuel  system presented a problem in flow 
m e a s u r a n t  and control. This surgwg appai%ri€U.irw caused by the va- 
porization  process in the  heat exchanger. The pressure  surges were elim- 
inated in  the downstream portion of the system by the  installation of a 
high-response-rate  pressure  ccmtml  valve. 

3. Dead air spaces in the  heat exchanger can cause  condensation of 
air. This  condensation can possibly be eliminated by the provision of 
suitable air  velocities past all hydrogen-cooled surfaces. 

4.  The air srpplied  to  the  heat exchanger was dr ied   to  a moisture 
content of about 2 grabs. per pound. This moisture  cantent was low 
enough t o  prevent any serious accumuiatioas of ice in  the heat exchanger 
during m s  of up t o  45 minutes-with average airflow rates of about 1.0 
pound per second. 

II 

w 
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5. A t  one time during low-rate venting frcmn the fuel  system the vent 
caught f i r e  spontaneously, possibly from a s ta t ic  diacbarge or f r ic t ional  
spark from the supporting cables at  the vent exit. This emphasizes the 
fact  that hydrogen nust be handled very  carefully, especially when there 
is a  possibility of undesired  exposure t o  a i r .  

Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio, October 23, 1956 
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Lower Eeat  of Canibust ion 

The lower heat of conibusticm for hydrogen is 51,571 Btu per pound. 
This cernpares with an average vaJ-ue fm. JP-4 fue l  of 18,700 Btu per 
pound, or  8 ra t io  of 2.76. 

Para- and Ortho-Eydrogen 

Eydrogen exists Fn two well-defined energy states, para-hydrogen 
and ortho-hydrogen, the  difference  being  associated. Kith their nuclear 
spins. Both of these types m e  usually present as a mixture,  the pro- 
portions of each depending on tcglrpemture and time. A t  roam temgerature 
the equilibrium  proportions  are 25 percent pas&-hydrogen and 75 percent 
ortho-hydrogen, while at the normal boiling'  point (36.5O R) the equilib- 
rium mixture  contains 99.8 percent para-hydrogen. 

The conversion of hydrogen from one of these  states  to  the other is 
a S ~ O W  process ana is accmpanied by the liberaticm  or  absorption of heat. 
If hydrogen is l iquified without catalysts m e r  storage of the gas a t  - 
roo42 temperature, the mixture will be 25 percent para-hydrogen and 75 
percent ortho-hydrogen. The ortho-hydrogen will then convert to   the 
para- state  with the  liberation of 302 Btu per pound of ortho-hybgen. .r 

The heat  released by the conversion  process, if it goes t o  completion, 
would be enough t o  vaporize  about two-thirds of the  liquid. 

The approximate rate at which this conversion t & s  place is shown 
i n  figure ll. If the  liquid 1s stored as long as 100 hours, the para- 
hydrogen concentration will increase to about 59 percent, and the heat 
release w i l l  be enough t o  vaporize about 40 percent of the mfxture. 
Obviously, then, t o  prevent  excessive loss either refrigeration must be 
provided  during  storage, or  a catalytic  process must be  used ia the 
liquefaction of hydrogen so that the ccmversim w i l l  take place during 
this  process. 

Slnce the fueJ will probably be mostly para-hydrogen in fuel systems 
In which hydrogen i e  handled as a liquid, the properties of the para- 
state  are of most Interest. However, in ~llany cases this i n f o m t i o n  is 
not available, so In the figures that follow, the  properties of para- 
hydrogen axe presented where avallable, and the properties of "normal" 
hydrogen (25 percent  para-, 75 percent ortho-) are  presented where data 
f o r  para-hydrogen are not  available. 
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. Vapor Pressure . .  

The vapor pressure of hydrogen a6 a function of teqerature is shown 
in figure 12. The normal boiling  point ( I - a t m  pressure 1 for  ma-hydrogen 
is 36.5O R. As the  pressure is increased, the  boiling teqerature in- 
creases until the  cri t ical   point is reached at a pressure of 12.8 atmos- 
pheres and a temgerature of 59.8O R. A t  temperatures above the c r i t i c a l  
point, hydrogen cannot be 8 liquid r e w s s  of pressure. 

The t r i p l e   p o k t  shown in figure 1 2  at 24.9O R represents the tern-' 
perature below  which hydrogen cannot exist as a liquid,  but goes directly 
fram the gaseous state t o  the solid state. The freezlng line indicates 
a freezing  point of  ab0u.t; 25.2O R at atmosphere pressure  for nollnalhydm- 
gen. The freezing line for  para-hydrogen would probably  be only slightly 
different . 

Density 

Figure 13 shows the  density of liquid hydrogen as a function of tem- 
perature. While the complete curve shown is for normal hydrogen, the 
curve f o r  para-hydrogen would he anly slightly displaced as indicated. 
This curve is interesting in that it indicates a rather large  effect of 
pressure on the density of hydrogen stored at the boiling point. A t  sea- 
level atmospheric  pressure, the density is about 4.41 pounds per  cuhic 
foot at the  boiling point, *ile at  a pressure of 4 atmospheres the den- 
s i t y  decreases t o  about 3.93 pounds per cubic  foot at the boiling point. 
Thus, if tanks containing  liquid hydrogen at the  boiling  point are to be 
pressurized t o  4 atmospheres, the  tmkage volume must be  increased by 
about 1 2  percent over that required at atmospheric pressure. 

The density of gaseous hydrogen is sdown in  figure 14. Here again, 
the data shown are for  normal hydrogen but are probably Buff iciently 
accurate  for most engheering purposes for  para-hydrogen. The density 
at standard  sea-level  conditions (519~ R, 1-atm pressure) FS about 
0 -0053 pound per cubic foot. 

Heat of Vapor k a t  ion 

The heat of vaporization of hydrogen is shown in figure 15 as a 
function of t w e r a t u r e .  A t  the normal boiling  point,  the heat of -vapor- 
ization  for pars-hydrogen is about 188 Btu per pound. & the t-a- 
ture is increased, this  value decreases until it reaches  zero a t  the 
c r i t i ca l  temperature of 59.8O R. 
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Specific Beat 

Figure 16(a) shows the specific  heat at constant pressure of gaseous - 
hydrogen as a function of temperature asd pressure. Data for  para- 
hyarogen are available  for only atmospheric pressure. These curves ln- 
dicate a rather large effect of temperature on epecific  heat asd a large 
difference between the  specific heats of para- and normal hydrogen. The 
level of values for specific heat is very high as ccrnpared with most 
c~mmon fluids, and th i s   fac t  plus the l o w  boiling point xuakes hydrogen 
very attractive f o r  heat-sink  applicationa. 

The specific  heats of l iquia and sol ld hydrogen are shown In f ig-  
ure 16(b). 

The r a t io  of speclfic heats is shown Fn figure 17 RB a function of 
temperature and pressure. Because of the Large m i a t i o n  of the  ra t io  
of specific  heats w i t h  both  temperature and pressure in the Low t a p e r -  
ature range, slight variations Fn either Fn a fuel system would make 
large changes in the flow characteristics. Thus, f low measurement and 
flow  control in fuel systems become very d i f f icu l t  problem at low 
tenqeratmes . 

Also significant i s  the large variation in the r a t i o  of specific 
heats with fuel ccqpositim. Accurate flow ~neasurements would require 
accurate knowledge of the percentages of para- and ortho-hydrogen in 
the mixture. 

Figure 18 is an enthalgy chart for  hydrogen &6 a function of tem- 
perature and pressure. The difference between normal and para-hydrogen 
i s  the heat of conversion, 226.5 Btu per pound at the boiling point and 
near  zero at room temperature. 

Sound Velocity 

The velocity of sound in hydrogen is  shown 88 a function of temper- 
ature and pressure in figure 19.  . The data shown are f o r  normal hydrogen, 
8s  data for para-hydrogen are not readily available. The velocity of 
sound is an important characteristic fromthe standzoint of pipe  sizes 
in fue l  systems. 
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8?&ure 13. - Density of l iquid hydrogen as function 

f’rm ref. 4.) 
of temperature at saturation  pressure. (Date 
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Figure 14. - Density of Ilormal m e n  gas 75 percent ortho-, 25 percent para-) 
as functFan of temperature and pressure. t &t~ from ref. 4. ) 
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Figure 15. - Latent heat of vaporizatlon of hydro- 
gen as function of temperature for normal, para-, 
and ortho-hydrogen. 
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2. 

2. 
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1. 

Temperature, OR 

(b) Liquid and solid hydrogen. (Data frm ref. 4.)  

Figure 16. - Concluded. Specific heat of hydrogen as f’unction of temper- 
a tu re  and pressure. 
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pigure 17. - Ratio of specific heats of bydrogen 138 function of tempera- 
ture and pressure. (Information obtained f rcm ref. 5. ) 
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Temperature, OR 

(a) Temgerature, 00 to 100O R. 

Figure L8. - &thalpy of hydrogen as function of temperature and preesure. (~a l cu ta ted  
from data in mf. 4.) 
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PLgure 19. - Sound velocity in normal hydrogen (25 percent para-, 75 per- 
cent orulo-) as function of temperature and pressure. (Data frm 
ref. 5.) 


